Despite the convenience of the oral route for drug administration, the existence of different physiological barriers associated with the intestinal tract greatly lowers the bioavailability of many active compounds. We have previously suggested the potential polymeric nanocapsules, consisting of an oily core surrounded by a polymer shell, as oral drug delivery carriers. Here we present a systematic study of the influence of the surface properties of these nanocapsules on their interaction with the intestinal barriers. Two different surfactants, Pluronic®F68 (PF68) and F127 (PF127), and two polymeric shells, chitosan (CS) and polyarginine (PARG) were chosen for the formulation of the nanocapsules. We analyzed nine different combinations of these polymers and surfactants, and studied the effect of each specific combination on their colloidal stability, enzymatic degradation, and mucoadhesion/mucodiffusion. Our results indicate that both, the polymer shell and the surfactants located at the oil/water interface, influence the interaction of the nanocapsules with the intestinal barriers. More interestingly, according to our observations, the shell components of the nanosystems may have either synergic or disruptive effects on their capacity to overcome the intestinal barriers.
Introduction
The oral route is one of the most accepted routes for the administration of drugs, especially in the case of chronic treatments. Despite having an adequate patient compliance, this route of administration has several well-known physiological barriers that hamper the administration of many drugs. When administrated orally, the drugs must overcome several hurdles, such as their potential degradation by the intestinal enzymes, their instability in the presence of high ionic forces at different pHs, and their difficulty to pass through the intestinal mucosa [1, 2] . The existence of all these physiological barriers influences particularly the bioavailability of certain active substances (e.g., peptides and proteins) after oral administration and, hence, their potential therapeutic effect [3] [4] [5] [6] .
Some of the strategies proposed to improve the oral bioavailability of peptides and proteins refer to the incorporation into their formulation of absorption enhancers or enzyme inhibitors [7] [8] [9] [10] [11] [12] [13] [14] . This variety of formulation strategies has opened new avenues for the increasing number of peptidic drugs in industry pipelines [15, 16] . However, despite the improved bioavailability of some drugs when associated with nanocarriers [17] , advances in this area have been hampered by the limited knowledge about the effect of the physicochemical properties and composition of the nanocarriers in their interaction with the intestinal tract [13, 18] .
The high concentration of electrolytes and enzymes in the intestinal environment is a major obstacle for the maintenance of the integrity of the nanocarriers and of their associated active compounds, since they can undergo degradation even before reaching the intestinal epithelium. In this scenario, the role of pancreatin, a combination of amylases, lipases and proteases enzymes, is particularly relevant [19] [20] [21] . Consequently, to understand the influence that the properties and composition of these nanocarriers have on their interaction with these enzymes is crucial to further advance in this field.
Additionally, the intestinal epithelium is covered by a mucus layer whose biological function is to keep the epithelium lubricated and protected from pathogens and exogenous substances [22] . The mucus layer, with a thickness that varies along the intestinal tract [23, 24] , consists of a first layer firmly attached to the cellular epithelium and a second layer that is constantly being replaced [25] [26] [27] . This is why, mucoadhesive colloidal systems, specially designed to interact with the intestinal mucus [28] [29] [30] , may become immobilized in the superficial mucus layer, and eventually removed [26, 31, 32] . Therefore, the nanocarriers intended for oral drug delivery must exhibit an adequate mucoadhesive/mucodiffusive balance.
Based on this information, the objective of this work was to evaluate the effect of the surface composition of different oily-based nanocarriers (nanoemulsions and nanocapsules) on their capacity to overcome specific barriers associated to the oral modality of administration. The basis for the selection of the nanocarriers relies of previous activity from our group showing the potential of chitosan (CS) nanocapsules (NCs) and polyarginine (PARG) NCs for the oral administration of salmon and insulin, respectively [33] [34] [35] [36] [37] [38] [39] . These nanocarriers are composed of an oily core and a polymeric shell, which is the main determinant for the interaction with the surrounding medium. Overall, the behaviour of nine nanosystems containing different surfactants and polymer shells was investigated (Fig. 1) . A nanoemulsion (NE) consisting of Miglyol®812 N and Epikuron®145 V lecithin was used as reference in order to study the effect of the Pluronic® surfactant F68 and F127 , as well as that of the cationic polymers CS and PARG. In total, 3 different NEs and 6 different NCs were systematically analyzed for their capacity to overcome specific intestinal barriers. Namely, we evaluated the nanosystems for (i) their stability, both colloidal and chemical, in simulated intestinal fluid and (ii) their interaction (adhesion and diffusion) with mucus, while mimicking the physiological conditions [27, 40] .
Materials and methods

Materials
For the preparation of nanosystems, the neutral oil Miglyol®812 N, a triglyceride formed from medium-chain fatty acids (capric and caprilic acids) was kindly donated by Cremer Oleo Division (Germany); soybean lecithin (Epikuron®145V), used as surfactant in the oily phase, was supplied by Cargill (Spain); poloxamer 188 (Pluronic®F68-PF68) and poloxamer 407 (Pluronic®F127-PF127), used as surfactants in the aqueous phases, were supplied by Sigma-Aldrich (Spain). Table 1 shows the chemical structure and main characteristics of both poloxamers. According to the HLB values, PF68 is more hydrophilic than PF127. The polysaccharide chitosan (deacetylation degree: 75-90%; MW ≈ 113 kDa) and the polyamino acid poly-L-arginine (MW ≈ 5-15 kDa), selected as cationic polymers, were purchased from FMC Biopolymer (USA) under the commercial name of Protasan Cl 113 and Sigma-Aldrich (Spain) respectively. When necessary, the lipophilic tracer DiD (DiIC18(5) oil (1,1′−dioctadecyl-3,3,3′,3′−tetramethylindodicarbocyanine perchlorate)) used as fluorescent dye (λ ex ≈ 644 nm, λ em ≈ 665 nm) was supplied by Invitrogen (Belgium).
For the stability studies, pancreatin from porcine pancreas (4 × USP) was supplied by Sigma-Aldrich (Spain). For the mucoadhesion studies, partially purify mucin type III from porcine stomach and poly-D-lysine hydrobromide were purchased from Sigma-Aldrich (Spain). Glass bottom dishes (35 mm dish with 14 mm glass diameter, uncoated) were purchased from MatTek Corporation (USA). For mucodiffusion studies square borosilicate capillaries (0.6 square ID (mm) × 0.12 wall (mm)) were purchased from VitroCom (USA).
Preparation of nanoemulsions and nanocapsules
For this study, nine different formulations were prepared (Fig. 1,  lower panel) , according to the two-step procedure previously described by our group (Fig. 1, upper panel) [41] . First, we prepared the primary NE by the solvent displacement technique [37] [38] [39] [40] 42] . Briefly, an organic phase consisting of 20 mg of lecithin dissolved at 37°C in 0.25 mL of ethanol, 62.5 µL of Miglyol®812N, and acetone to a total volume of 5 mL, and then poured onto 10 mL of ultrapure water under constant magnetic stirring (500 rpm). The mixture turned milky immediately due to the formation of the NE. After stirring for 10 min, the solvents were evaporated under vacuum to a final volume of 4 mL. When necessary, in a second step, this primary NE was coated with the correspondent surfactants (PF68 and PF127) and polymers (CS and PARG) by simple incubation in the aqueous solutions of these components or simply diluted with ultrapure water to obtain the different NEs-surfactant and NCs [33, 43] having always the same concentration of the common components present in the core. More specifically, 4 mL of the primary NE were incubated under magnetic stirring for 10 min with 1 mL of aqueous solution containing or not, the corresponding polymer (CS -5 mg/mL or PARG -2.5 mg/mL) or/and the surfactant (PF68 or PF127 -both of them 25 mg/mL), which led to the formation of the final nanosystems. Concentration of coating materials was chosen according to previously reported works [39, 41, 44] .
When a fluorescent marker was needed, DiD was incorporated to the oily core by substitution of 80 µL of ethanol by the same volume of an ethanol DiD solution (2.5 mg/mL).
Characterization of the physicochemical properties and DiD encapsulation efficiency of the nanosystems
Size and polydispersity index of the blank nanosystems were analyzed by photon correlation spectroscopy, and ζ−potential was determined by laser Doppler anemometry using a Malvern Zeta-sizer device (NanoZS, ZEN 3600, Malvern Instruments, Worcestershire, UK). To obtain DLS measurements, nanosystems were appropriately diluted (30 µL of nanosystems + 970 µL of dilution medium) in ultrapure water to determine their size, and in a low ionic strength saline medium to determine their ζ−potential (n ≥ 3).
The encapsulation efficiency of DiD in the systems was determined upon separation of the NE or NCs from the free components in the aqueous medium. The analysis was done directly. Briefly, 1 mL of the non-isolated formulations was ultracentrifuged (Beckman Coulter, Optima L−90 K, Brea, USA) at 112202.7 g for 1 h at 15°C. After the isolation the cream fractions were collected and resuspended with ultrapure water up to their initial volume. Then, the encapsulated DiD was extracted from the isolated systems by the following procedure: (i) 100 µL of the isolated system was vortexed with 100 µL of acetonitrile for 1 min; (ii) 100 µL of Triton™ X−100 were incorporated to the previous mixture and vortexed for 1 min; (iii) Finally, samples were diluted with extra-acetonitrile, and the fluorescence emitted by the broken isolated nanosystems was analyzed using an EnVision Multilabel plate reader 2104−0010A (λ ex = 644 nm, λ em = 665 nm) in order to determine the amount of DiD associated to them. In addition, 1 mL of nonisolated systems were degraded following the same procedure and the total DiD concentration was determined in the same way as control. The encapsulation efficiency of DiD in the systems was expressed as percentage, and calculated dividing the amount of DiD determined in the isolated nanosystems by the total amount of DiD incorporated to them initially. The analysis was done in triplicate.
Colloidal stability in simulated intestinal fluid (SIF)
In order to evaluate the colloidal stability, size and changes in the ζ−potential were determined using a Malvern Zeta-sizer device (NanoZS, ZEN 3600, Malvern Instruments, Worcestershire, UK). In short, 30 µL of the systems were incubated with 970 µL of the corresponding medium under horizontal shaking at 37°C, and for the size evaluation, samples were analyzed at 0, 0.5, 1, 2, and 4 h. Colloidal stability was studied in plain (without enzymes) and in normal SIF (USP XXIX). The SIF (1% w/v pancreatin) medium was centrifuged 5 min at 5000g at 5°C using a Universal 32 R, Hettich Zentrifugen (Hettich Instruments) in order to eliminate the pancreatin aggregates, prior to the incubation of the nanocarriers. In addition, to check the changes in the surface charge of the systems, the same procedure was done and the ζ−potential determined after 1 h of incubation.
Lipolysis assay
The potential effect of the nanosystems surface on their chemical degradation by the intestinal enzymes was evaluated using an acid-base titration. The lipases present in the medium degrade the triglycerides of the oily core and generate two fatty acids and one monoglyceride. The release of these fatty acids causes a decrease in the pH of the medium. Therefore, the titration of these fatty acids with NaOH will allow the quantification of the amount of triglycerides degraded by the enzymes after the incubation of the nanosystems with 1% pancreatin SIF. The degradation of the NE without surfactants after 5 h of incubation in SIF was set as 100% degradation. For this study, a titrator TitroLine® alpha Plus (Scott Instruments, Germany) was used to evaluate the release of fatty acids using NaOH 0.01 N.
To perform the titration, on the one hand, 1 mL of formulation was mixed with 4 mL of SIF and its pH was adjusted to 6.8 with NaOH 0.01N; on the other hand, a solution of 2% (w/v) pancreatin in SIF was prepared under magnetic stirring and then centrifuged 5 min at 5000g at 5°C using a Universal 32 R, Hettich Zentrifugen (Hettich Instruments, Germany). After the centrifugation, the pH of 5 mL of undernatant was adjusted to 6.8 with NaOH 0.01N. Then, these 5 mL were mixed with the 5 mL containing the system previously mixed with 
Table 1
Chemical structure and main characteristics of Pluronic®F68 and Pluronic®F127. PEO: polyethylene oxide unit; PPO: propylene oxide unit. MW: molecular weight. HLB: hydrophilia-lipophilia balance.
SIF, to a final pancreatin concentration of 1%. The titration was done at 37°C under continuous magnetic stirring.
Mucoadhesion studies
Dynamic light scattering
This method, based on a modification of a previously described technique [45] , was designed as a fast bench screening assay to study the affinity of the systems for mucin, which is the main component of the mucus [27] . The study involved the analysis of the nanosystems size (expressed as the aggregation ratio Size MUCIN /Size SIF ) and ζ−potential upon exposure to non-supplemented SIF diluted in water (1/25) containing increasing concentrations of mucin (1 × 10 −4 to 1 × 10 −1 % (w/v)). For this study, a Malvern Zeta-sizer device (NanoZS, ZEN 3600, Malvern Instruments, Worcestershire, UK) was used. The mucin threshold used was selected according to inherent limitations of the DLS. While concentrations ≤1 × 10 -1 had similar physicochemical properties as dispersion medium, higher mucin concentrations led to viscosity and turbidity issues that did not allow the direct comparison between both media (data not shown).
Fluorescence microscopy
This method, a modification of the method already published by Tachaprutinun et al. [46] , allows the evaluation of the nanosystems interaction with a mucin film, as a complementary assay to determine the mucoadhesion of the prototypes as a function of their shell composition. This technique is based on the determination of the fluorescent-labeled nanosystems retention after their incubation with a mucin layer. Briefly, two series of glass bottom dishes were pretreated either with poly-D − lysine (to promote the adsorption of the mucin to the glass dish) or with a 25 mg/mL solution of PF127 (as negative control). Then 200 µL of a 5% (w/v) mucin solution in diluted plain SIF (1/25) was added. After 8 h of incubation, the excess of mucin or PF127 was removed by washing the glass bottom 5 times with ultrapure water, and letting it dry. Through this procedure, a superficial layer of mucin, bounded by electrostatic interactions to the poly-D-lysine, was created. Then, 200 µL of the different isolated DiD-loaded nanosystems were incubated onto the glass bottom during 2 h. Finally, the nonmuco-interactive nanosystem was eliminated by washing the glass bottom 3 times with ultrapure water. Photos of the glass dishes were taken with a 20X objective and the fluorescence intensity was determined (λ ex ≈ 644 nm, λ em ≈ 665 nm) using a microscope Leica AF6000 (Leica Microsystems, Germany). Given the well-known mucoadhesive properties of CS [38, [47] [48] [49] we used, as a positive reference (100% mucoadhesion), the fluorescence emitted by the CS NCs without surfactants.
Mucodiffusion studies
Particle tracking analysis using porcine mucus
As model of the human intestinal mucosa, we used fresh porcine intestinal mucus obtained from the local slaughterhouse. NEs and NCs were fluorescently labeled by incorporating the lipophilic tracer DiD to the oil core during the formulation process. Briefly, 5 µL of nanosystem previously diluted in PBS 2 mM were mixed with 100 µL of mucus. Volumes of 10 μL of each sample were placed between a microscope slide and a cover glass in a chamber created by the placement of a 120 μm thick, double-sided adhesive sticker between slide and cover (Sigma). The Nikon microscope (Izasa Scientific, Spain) equipped with an Andor Zyla 4.2 camera and a PLAN APO 100X 1.4 oil-immersion objective was always focused at 12-16 µm above the cover glass. For each sample, more than 20 movies of 800 frames were recorded at a frame rate of 100 fps, obtaining more than 100 trajectories per movie. The diffusion coefficient of each nanosystem was obtained off-line from the fitting of the mean square displacement 〈MSD〉 as a function of the time according to the following equation:
where D e is the effective diffusion coefficient, α the anomalous exponent that gives information about the nature of the diffusion mode of the nanosystem in mucus and τ, the time scale, which is the time over which nanosystems are allow to move before calculating their displacement trajectories. The time scale was fixed at 1 s for these experiments (100 frames/s) [50] [51] [52] . The same procedure was performed using an aqueous solution of DiD at the sample concentration, and the results were analyzed to ensure that the signal observed did not originated from the released DiD.
Capillary in porcine mucus
To learn about the mucodiffusion of the systems from a macroscopic point of view, we adapted a capillary technique described elsewhere [53, 54] . Briefly, borosilicate capillaries were filled at one end with intestinal porcine mucus obtained from the local slaughterhouse while the DiD-labeled formulations were slowly injected at the opposite end. Once the formulation came in contact with the porcine mucus, the diffusion of the nanosystems was studied using a fluorescence microscope Leica AF6000 (Leica Microsystems, Germany) by measuring at λ ex ≈ 644 nm and λ em ≈ 665 nm. The capillaries were maintained in a vertical position during the measurement.
By fitting of the fluorescence decay versus the distance, it was possible to calculate the mean penetration capacity of the systems through porcine mucus (X 1/2 ) using the following equation: (2)), where I F is the normalized fluorescence, A is the basal normalized fluorescence, I 0 the fluorescence at X = 0 (mucus/ nanosystems interface), X is the distance from the mucus/nanosystems interface towards the mucus, and k is a decay constant that obeys: (3)), being X 1/2 the penetration capacity, which means the thickness (μm) of intestinal porcine mucus that allows the transport of 50% of the nanosystems.
Statistical analysis
GraphPad Prism 7 program (California, USA) was used to perform the statistical analysis. Where applicable, and after confirmation of the normal distribution of data using the Shapiro-Wilk normality test, they were compared using the two-way ANOVA followed by a Fisher's LSD test, considering p-values lower than 0.05 as statistically significant.
Results and discussion
In this study, we analyzed nine different nanosystems in the form of nanoemulsions or nanocapsules, all of them having the same oily core but different shell composition. The shell was made of polymers (CS and PARG), surfactants (PF68 and PF127) and a combination of them. Specifically, we studied the effect of each specific combination on the colloidal stability, enzymatic degradation and mucoadhesion/mucodiffusion of these colloidal systems.
Physicochemical characterization of nanoemulsions and nanocapsules
The versatility of the core-shell polymeric NCs relies on the possibility to adapt the composition of the oily core to the nature of the cargo, and that of the polymeric shell to the administration route or target tissue [35, 43, [55] [56] [57] . Bearing this in mind, the first studies focused on the analysis of the effect of the polymer and the surfactant coating on the physicochemical properties of the systems. As shown in Table 2 , the incorporation of either CS or PARG led to the charge inversion of the nanostructures, while their hydrodynamic mean sizes remained in the nanometric range with a low polydispersity index. These results indicated the efficient formation of a polymeric shell after the incubation of the NE with either polymer, most probably due to the attractive electrostatic interaction between the cationic polymer (either CS or PARG) and the negatively charged NE [35, 39, 55] .
Regarding the influence of the non-ionic surfactant on the physicochemical properties of the three different nanosystems, the results in Table 2 indicate that the addition of PF68 did not lead to a significant modification of their initial size and ζ−potential values. However, the incorporation of PF127 to the nanosystems led to different behaviors depending on their composition. An important decrease on the ζ−potential magnitude was observed in plain NE and PARG NCs when PF127 was incorporated, however, this reduction less marked in the case of CS NCs ( Table 2 ). The different behaviour observed for both surfactants can be attributed to their different molecular structures (see Table 1 ). Although both Pluronics® share the same PEO n -PPO m -PEO n architecture, PF68 presents two hydrophilic side arms with 75 × PEO monomers and a central hydrophobic block formed by 29 × PPO monomers (HLB ≈ 29), while PF127 has 100 × PEO units in its hydrophilic side arms and 65 × PPO units in the central hydrophobic block (HLB ≈ 22). The number of monomers in the hydrophilic side arms may influence the protective steric layer of the nanostructures [55, 58] , whereas the central hydrophobic block is expected to determine the interfacial adsorption of the surfactant as well as its ability to compete with other components present at the oil/water interface [44, 59, 60] . In theory, the presence of non-ionic surfactants on the nanosystems surface should lead to a displacement of the shear plane (where the ζ−potential is defined) towards the aqueous phase, and, hence, to a reduction on the ζ−potential magnitude [58] . Bearing this in mind, our results would indicate a low incorporation of PF68 to the nanostructure irrespective of the shell composition, since its incorporation did not produce any significant change in the ζ−potential [32, 55, 61] . In contrast, the significant ζ−potential reduction in magnitude for both, NE and PARG NCs, when PF127 was used instead of PF68, could be an indication of its greater incorporation onto the oily core due to its higher lipophilicity. In the case of CS NCs, the lower but still significant reduction on the ζ−potential suggests a low incorporation of PF127.
Stability of nanoemulsions and nanocapsules in simulated intestinal fluid
We evaluated the role of the nanosystem surface composition on both, colloidal stability and resistance to the enzymatic degradation upon incubation in simulated intestinal fluid (SIF) USP XXIX. Given the complex composition of the intestinal medium, and in order to achieve a better understanding of the effect of each nanosystem surface component on the colloidal behaviour of the formulations, we first studied the size evolution of the systems in SIF supplemented or not with 1% pancreatin.
As depicted in Fig. 2 (upper panel) , both, surfactant-free and PF68-containing CS and PARG NCs, showed an immediate aggregation (CS NCs ≥ 1 µm and PARG NCs ≈ 750 nm) upon incubation in SIF without enzymes. These results correlate with the similar physicochemical properties of these nanosystems (no significant differences, Table 2 ), and agree with our hypothesis of a low incorporation of PF68 to the oil/ water interface. On the contrary, the NCs formulated with PF127 were more stable. As expected, this effect was more noticeable in the case of PARG NCs than in the case of CS NCs, probably due to the lower incorporation of the surfactant onto the CS NCs.
Once the effect of the electrolytes present in the intestinal fluids has been established, we found important to understand the role of the intestinal enzymes in the colloidal stability of the systems. For this purpose, the previous stability assay was performed on normal SIF (supplemented with 1% of pancreatin). As shown in Fig. 2 (lower panel) , all systems presented a certain modification in size, which could be attributed to the enzymes adsorption [33, 62, 63] . The absence of a massive aggregation observed in this case might be a consequence of the formation of a stabilizing coating of the particles/oily droplets by the enzymes present in the medium [64] . The DLVO theory states that the total potential of interaction (V T ) between two approaching particles can be expressed as V T = V A + V R (Eq. (4)), where V A is the attractive potential of interaction due to the Van der Waals forces and V R is the repulsive electrostatic potential that depends on the ζ−potential magnitude [65] . Bearing this in mind, the evolution of the ζ−potential values upon incubation of the nanosystems in SIF with and without pancreatin was monitored (Fig. 3 ) in order to elucidate if the stability profile of the nanosystems was driven by either electrostatic interactions or steric hindrances. In the absence of enzymes, it was found that NEs incubated in SIF suffered a minor reduction of their ζ−potential. Therefore, while the high negative ζ−potential observed in the case of non-coated and FP68-coated NEs (≈ −60 mV) could be responsible for their stability in plain SIF, in the case of the PF127-coated NE, whose ζ−potential was much lower in magnitude (≈ −23 mV), its stability would be mainly attributable to a steric stabilization provided by the PF127-coating, as previously reported [21, 66, 67] . In contrast, both types of NCs experienced a significant decrease in their ζ−potential in plain SIF, which was attributed to the reduced ionization of the-NH 3 + groups (pK a ≈ 8) in this medium (pH 6.8), as compared to the one in the original pH of these formulations (≈ 4.5, Table 2 ) [55] . The ζ−potential decrease observed in the case of the NCs (≤ +15 mV, p ≤ 0.0001) may result in a reduction of V R (repulsive electrostatic potential) and, hence, in the instability in plain SIF of the non-sterically stabilized particles (Fig. 2 ) [55, 60, 66] . Also, it could be assumed that the incorporation of PF127 to PARG NCs was high enough to lead to the steric stabilization of the nanosystem [33, 62, 63] . Finally, a generic observation is that upon incubation in SIF with pancreatin the surface charge of all systems becomes similar (≈−15 ± 5 mV), a fact that could be due to their interaction with enzymes present in the medium and the formation of a stabilizing enzyme coating.
Lipolysis of the oily core of nanoemulsions and nanocapsules
Another important aspect to consider is the potential protection that the different polymer/surfactant coatings confer to the nanosystems against enzymatic degradation. Fig. 4 shows the percentage of oily core degradation of the different systems when incubated in normal SIF in the presence of pancreatic lipase [19] . The degradation kinetics was qualitatively similar for the 9 tested systems showing an initial fast degradation (during the first 20 min), followed by a plateau for the rest of the experiment.
As expected, due to the important exposure to the enzymes of the oily core of the NE prepared without non-ionic surfactants, this was the formulation that presented the highest degradation by pancreatic enzymes (70% in 20 min), being its area under the curve significantly higher than those corresponding to CS NCs (p ≤ 0.0001) and PARG NCs (p ≤ 0.001). This was mainly attributed to the interaction of the pancreatic lipase with the oily droplets [19, 60, 68] , being this degradation slightly reduced by the CS and PARG coatings. We have speculated that this limited protective effect of the polymeric shell could be attributed to the presence of amylases, enzymes with the capacity of degrading CS through the α(1,4) glycosidic bond cleavage [69] [70] [71] , and peptidases, enzymes capable of degrading PARG backbone through the peptide bond [68, 72] .
Our group has previously shown that PF68 can efficiently protect nanoparticles made of polylactic-co-glycolic acid (PLGA) from enzymatic degradation in SIF [58, 72] . As depicted in Fig. 4 , the incorporation of PF68 did significantly slow down the degradation of the NE (70% of degradation in 40 min) (p ≤ 0.0001) and of the NCs (70% of degradation in 60 min) (p ≤ 0.01 for CS NCs and p ≤ 0.001 for PARG NCs), although it did not prevent totally the action of the pancreatic lipase.
The most resistant systems against enzymatic degradation were those formulated with PF127. While both, NE and PARG NCs, presented a maximum degradation of about 20% after 2 h of incubation in SIF; the percentage of degradation of CS NCs was close to 60%. As discussed above, the surfactant protection effect depends on its capacity to be efficiently adsorbed and retained onto the nanosystems upon their incubation with enzymes. Considering the ζ−potential values from Table 2 and the low degradation observed for NE and PARG NCs, it seems that PF127 was efficiently incorporated to the oil/water interface of both formulations. In addition, the low degradation observed in this case suggests that the surfactant was not displaced from the oil/water interface by the macromolecules present in SIF [21, 59, 67, 73] . Accordingly, the significantly higher degradation observed for CS NCs (p ≤ 0.0001 compared to both NE and PARG NCs) could be mainly attributed to a lower incorporation of PF127, but not to a displacement of the surfactant from the oil/water interface after incubation in SIF [21, 73] .
Mucoadhesion of nanoemulsions and nanocapsules
Dynamic light scattering
To be successful, in addition to overcoming the harsh intestinal environment, nanomedicines should diffuse across the intestinal mucosa and reach the intestinal epithelium [27, 31] . Bearing this in mind, the role of the surface properties of our prototypes on their interaction with mucin was first analyzed according to a simple DLS-based procedure [27] . The analysis of the Size MUCIN /Size SIF and the ζ−potential of the different systems in the presence of increasing amounts of mucin in SIF allowed us to classify the nanosystem-mucin interaction as follows: (i) Strong interactions with mucin fibers may lead to the entrapment of the nanosystems within mucin meshes and, thus, to a subsequent increment in the size of nanosystems (aggregation) and their ζ−potential values are similar to the mucin charge; (ii) The formation of a mucin coating around the nanosystems may be justified by the fact that their size remains invariable while their ζ−potential values are similar to the mucin charge; (iii) Muco-inert nanosystems will not experience variations in either size or ζ−potential when incubating with mucin fibers.
As shown in Fig. 5 , NE formulated without poloxamer presented a constant size for all mucin concentrations while the corresponding NCs suffered a mucin concentration-dependent aggregation induced by the interaction with mucin [64] . Parallel analysis of ζ−potential as function of the mucin concentration complemented the information obtained by size analysis. These results revealed that, despite the constant size displayed by the NE, the decrease in its ζ−potential magnitude with the mucin concentration towards those values observed for the pure mucin solution is a clear indicative of the interaction of the system with the mucin fibers.
In agreement with the results described above, formulations containing PF68 behaved like the formulations without surfactant. This is consistent with our hypothesis that the incorporation of this surfactant onto the oil/water interface is low, and it has a tendency to be displaced by other macromolecules with more affinity for this interface. Contrary to what was observed with PF68, PF127 formulations displayed a negligible size modification, but their ζ−potential was also dependent on the mucin concentration. These results indicate that PF127 cannot totally prevent the colloidal system from interacting with the mucin fibers. However, this interaction did not translate to an aggregation of the nanosystems.
Fluorescence microscopy
In order to understand better the effect that the shell composition of the systems has on their interaction with the intestinal mucosa, we studied the interaction of the nanosystems with a film of mucin immobilized on a glass bottom dish [46] . We incubated each system 2 h with the mucin film and performed a semi-quantitative analysis of the retained nanosystems by fluorescent microscopy. For this purpose, the systems used in this assay were formulated with the fluorescent dye DiD in their oil core (all the systems presented an encapsulation efficiency ≥80%; data not shown).
Based on the well-known mucoadhesive properties of CS [35, 38, 41, [47] [48] [49] 74] , the fluorescence intensity measured for de CS NCs formulated without Pluronics® was set as 100%. As shown in Fig. 6 , in the absence of poloxamer, the mucoadhesive behaviour was found to be clearly dependent on the polymeric shell. In the case of the NEs, a negligible amount of oily droplets were retained on the film mucin. This result suggest that despite the mucin-NE interaction observed by dynamic light scattering, this interaction is weak enough for the oily droplets to avoid being adsorbed to the mucin film. Both polymers, CS and PARG, substantially increase the mucoadhesion of the systems (p ≤ 0.0001 compare to the NE). As expected, CS NCs, referred as 100% mucoadhesion, showed the highest retention on the films, while PARG NCs had less affinity for the mucin (≈ 60%; p ≤ 0.0005 compared to CS NCs). No significant effect was found on the mucoadhesive properties of the three nanosystems after the addition of PF68. This result agrees with the hypothetical low incorporation of this surfactant onto the oil/ water interface. In contrast, the presence of PF127 significantly decreased these mucoadhesive properties for both NCs (p ≤ 0.05), being the mucoadhesion displayed by the CS NCs significantly higher than that of PARG NCs (p ≤ 0.05). This agrees with the more efficient incorporation of PF127 expected for the NE and the PARG NCs, than for the CS NCs. The effect of PF127 may be attributed to the more intense interaction of this Pluronic® with the oil droplets [44, 60] , which ended up in a more efficient coating against the interaction with the physiological macromolecules, such as mucin [44, 60, 61] .
Mucodiffusion of nanoemulsions and nanocapsules
Once the nanosystems are captured by the intestinal mucus the next step is their diffusion across the mucus blanket that covers the intestinal epithelium. The nanosystems must be mucodiffusive enough to avoid being removed together with the loosely adherent mucus by the mucus clearance process and to reach and pass through the tightly bound mucus to finally be able to interact with the intestinal cells [26] . This diffusion was the focus of the last set of experiments, the analysis of the mucodiffusion capacity of the systems as a function of their specific surface composition. This analysis was performed from both microscopic and macroscopic points of view using intestinal porcine mucus as mucus model [75] .
Particle tracking analysis using porcine mucus
Particle tracking was selected as the experimental technique used to evaluate the diffusion coefficient of the prototypes in intestinal mucus from a microscopic point of view. With this technique, the fitting of the mean square displacement of the particles 〈MSD〉 as a function of the time using the following equation: (1)), allowed the calculation of the effective diffusion coefficient (D e ) of each individual particle, being α an indicative value about the nature of the diffusion mode of the nanoparticles in mucus and τ (time scale) the time over which particles were allowed to move before calculating their displacement trajectories (1 s, 100 frames/s) [50] [51] [52] . Fig. 7 shows the distribution of the effective diffusion coefficient (D e ) of each individual particle/oily droplet of the nanosystems in both, intestinal porcine mucus and PBS calculated as a time scale of 1 s. Prototypes formulated without non-ionic surfactants displayed a clear reduction on their mobility once incubated in mucus. This is in line with our previous results that showed that all these systems displayed, to some extent, a clear interaction with mucin. Incorporation of PF68 to the prototypes did not have a clear effect on their diffusion capacity in mucus. Finally, the inclusion of PF127 was found to have a different effect depending on the prototype. While for CS and PARG NCs, this surfactant did not display a clear modification of their diffusion capacity, the NE showed a remarkable displacement of the oily droplets population towards higher diffusion values in mucus.
All these data were analyzed in depth by calculation of the mean effective diffusion coefficient (mean of the D e of each individual nanosystem) of each prototype (Fig. 8) [50, 51] . No significant differences (p ≤ 0.05) were found in the mean effective diffusion coefficient displayed by the non-coated formulations, resulting all of them (NE and NCs) highly retained in the mucus matrix. These results could be attributed to the hydrophobic character of the NE and the positive surface charge of CS and PARG. Both characteristics are expected to promote the interaction of the formulation with the mucin fibers present in the intestinal porcine mucus [34, 35, 38, 41, 44, 60] .
The incorporation of PF68 resulted in a similar behavior for the three nanosystems, with no significant differences being observed among them and with the non-coated formulations (p ≤ 0.05). This could be attributed to the low association of this surfactant to the nanosystems, as highlighted before. In fact, the adsorption of PEG derivatives with a PEG-MW in the 5-10 kDa range, normally results in an enhancement of the mucodiffusion properties [51] . However, to achieve this goal, it is necessary to create a homogeneous and dense enough coating [44, 76] . If the coating is not thick enough, it may lead to the entrapment of the nanostructure in the mucin mesh of the mucus [44, 76] . The use of PF127 led to a remarkable improvement in the mucodiffusion capacity of the NE (p ≤ 0.0001), with a mean diffusion coefficient of 1.9 × 10 −2 μm 2 /sec. These results are indicative of a better coating of the NE by this non-ionic surfactant [44, 76] . However, this significant improvement was not observed in the case of the NCs, where it seems, that it was not possible to obtain a dense and homogeneous coating due to the presence of the CS or PARG polymers. As previously mentioned, the mucodiffusion capacity of the colloidal systems is strongly dependent on the coating density of the nanosystem, meaning that if the non-ionic surfactant coating is not perfectly homogeneous, it can result in a retention of the nanosystem in the mucus mesh [44, 76] .
Capillary in porcine mucus
The previously discussed mucodiffusion microscopic assay was complemented by a macroscopic analysis, where the penetration profile of each nanosystem across a capillary filled with porcine intestinal mucus was also determined. The results in Fig. 9 show the mean penetration capacity (X 1/2 ), which means the thickness (μm) of intestinal porcine mucus that allows the transport of 50% of the nanosystems. Overall, the results followed the same trend found using particle tracking analysis (Fig. 8) , although some slight differences were observed. This distinct behavior could be attributable to the different concentration of nanosystem used in both procedures, being either not diluted for the capillary technique or 100-fold diluted for particle tracking analysis. These results showed that in the absence of poloxamer PARG NCs displayed the highest mucodiffusive properties (p ≤ 0.0001), being the slighter cationic character of the PARG NCs (p ≤ 0.05) probably the reason behind the lower retention of these NCs in the intestinal porcine mucus mesh (p ≤ 0.0001) [26] . In agreement with the conclusions extracted from the nanoparticle tracking analysis, the low incorporation of PF68 in both NE and NCs did not result in an improved mucodiffusion of these nanosystems. In the same line, results showed the non-effective incorporation of PF127 in presence of CS and PARG and highlighted the important effect of PF127 on the mucodiffusion of the nanoemulsions [44, 51, 76] .
Overall, these data suggest that the use of PF127 may be a strategy to improve the capacity of a nanosystem to overcome the multiple barriers associated to the oral modality of administration, i.e., colloidal stability, resistance against enzymatic degradation and intestinal mucus interaction/diffusion. However, when using this approach, one must take into account that the incorporation of this surfactant onto the surface of the nanosystem may interfere with other constituents present in the nanosystems shell.
Conclusions
Our results show that the interaction of nanosystems with biological barriers is dependent on their surface composition and that the contribution of each component can be affected by the presence of other components. Specifically, while the presence of PF127 alone contributes deeply to the stability of the formulation, and its capacity to diffuse across intestinal mucus, its use in the presence of CS or PARG had a limited effect on the formulation performance. In brief, these results highlight the need of a specifically engineered rational design of the nanocarriers in order for them to fulfill the adequate requirements for their performance as oral drug delivery vehicles. Ultimately, these data also emphasize the value of a proper characterization of the nanocarriers in line with their expected biological behavior. Mucodiffusion assessed by the capillary approach. Mean penetration capacity (X 1/2 ) of the non-coated, PF68-coated and PF127-coated NEs (black), CS NCs (red) and PARG NCs (blue) according to their penetration profile through a capillary filled with porcine mucus at 37°C (Error bars mean standard deviation; n ≥ 3).
